ABSTRACT. Precipitation records from highland and central plains sites in Uganda were used to validate the CLImate GENerator (CLIGEN) weather sequence generator. Daily records from twenty years and recent records of recording gage data were used to evaluate the generator.
algorithm be developed to reduce this variability. They also suggested that for erosion prediction, periods of climate greater than 30 years are necessary to reduce average annual variability. There study was limited to continental U.S. climates only. In order to use the CLIGEN technology outside of the U.S., particularly in the tropics, the ability of the generator to capture the variation of these climates should be tested.
There are significant differences in the weather patterns between the central U.S. and many other climate patterns not only in the U.S., but in the rest of the world (Trewartha and Horn 1980) . If CLIGEN is found to be sufficiently robust to generate climates for these other areas, then natural resource modelers will be able to focus research activities elsewhere, using CLIGEN to provide typical weather sequences to drive their models. Arnold and Elliot (1996) found that CLIGEN generated climates with similar seasonal and day to day rainfall patterns, and similar lengths of wet spells and dry spells. They did not analyze the ability of CLIGEN to predict daily, monthly, and annual precipitation mounts. The objective of this paper is to evaluate the ability of CLIGEN to generate satisfactory precipitation statistics outside of the central U.S. by comparing the CLIGEN-generated and observed rainfall amounts, probabilities of occurrence, and durations for two sites in Uganda.
The CLIGEN Model
The input file to CLIGEN contains statistics from observed precipitation records described in table 1. The outputs of CLIGEN can be set to model a weather record of any length, up to 999 years. The CLIGEN output file contains the rainfall amount, storm duration, maximum intensity and time to peak intensity for each day of precipitation formatted for the WEPP model.
The algorithms in CLIGEN are based on the climate generators developed for the Erosion-Productivity Impact Calculator (EPIC) model (Williams et al., 1984) and the Simulator for Water Resources in Rural Basins (SWRRB) model (Arnold and Williams, 1989) . A second order Markov chain generates the occurrence of precipitation on each day. Inputs to the Markov chain include the probability of a wet day following a wet day, P(W/W), and the probability of a wet day following a dry day, P(W/D). The precipitation amount on each wet day is stochastically generated as a skewed normal distribution from the relationship:
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where: x = normal standard variate; X = raw variate; u, s, g = mean, standard deviation and skew of the raw variate. The parameter values for this equation are all calculated from available records for input to the CLIGEN model.
The storm duration is estimated as a function of precipitation amount (Williams et al. (1984) , and Arnold and Williams (1989) ):
where: Duration = event duration in hours; and rl = dimensionless parameter, equal to the ratio of the precipitation in the maximum 30-min intensity period to the total storm amount, taken from a gamma distribution of half-hour monthly average precipitation amounts (Nicks et al. 1995) . This equation was developed under the assumption that the maximum length of storm was equal to 24 h, and the time to peak is equal to 40 percent of the total storm duration (Arnold and Williams, 1989) . Equation (2) was developed from records in the Midwestern U.S., and the validity for other areas has not been tested.
Experimental Procedures
Uganda straddles the equator and is situated on a high plateau area between two mountainous regions on its East and West, Mount Elgon and the Ruwenzori Mountains respectively ( fig. 1 ). Data for this study were collected at two sites in Uganda (Arnold, 1993 gives a monthly summary of some of the recording rain gage data for the two sites. Estimates were made for the missing values for Buginyanyi based on the November observation because the November precipitation patterns more closely match the missing months of December through March than would the rainy season data from April or May.
From analysis of these records, input files to the CLIGEN model were developed for each site (table 1) . CLIGEN Ver 4.0 (Nicks et al. 1995) randomly generated 10 sets of 20-year records for each of the Ugandan sites. The mean and standard deviation of each of the 10 sets were calculated and tested for significant differences from the CLIGEN-generated populations.
Comparisons were made between the observed values and each of the ten sets of generated values for the mean annual totals and the monthly totals, and P(W/W) and P(W/D) probabilities with a t statistic, using the observed standard deviations. A Chi-squared statistic tested for significant differences between the observed and CLIGEN-generated standard deviations for each set. We then determined how many of the ten sets of generated precipitation statistics were different from the observed set.
We carried out a similar analysis for the generated durations, but used the standard deviation from the generated values to calculate the t statistic as there were insufficient observed data to provide a credible standard deviation. There were no comparisons made between the observed and the generated standard deviations of the durations. Table 3 shows that CLIGEN-generated means and standard deviations of the annual precipitation amount are not significantly different from the observed annual precipitation over a 20-year period for either of the Ugandan sites. Table 3 also shows that there are differences between the means of the annual observed number of precipitation events and the generated number of events for the Kabanyolo site, but no differences for the Buginyanya site. Both of the generated number of events are less than the observed number of events, even though the total amounts of precipitation are not different. If the total number of events are less, and the total amount is the same, then on the average, there must be greater precipitation for each event. Table 4 presents the monthly precipitation amount comparisons for the two sites. The results show no significant differences between the CLIGEN generated monthly mean amounts and the means of the observed monthly precipitation. Significant differences, however, were noted in the comparisons of the standard deviations for some of the months. For the central plains site of Kabanyolo, the transitional months of February, November and December
Results from the Daily Records
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Validation of the Weather Generator CLIGEN p 5 indicated a significant difference in the standard deviations. CLIGEN predicted a smaller standard deviation than observed during these periods. In July and August, the standard deviation for the generated climate was greater than the observed for this generally dry month. Apparently the natural monthly variation in the dry season is less than the predicted. This may be due to the greater variability in the prediction of wet days as shown in Tables 5 and 6. For the highland site, Buginyanya, Tables 5 and 6 indicate no significant differences between the observed and CLIGENgenerated 20-year mean probabilities, P(W/W) and P(W/D), for either site. In all but four months, however, the predicted P(W/W) values were lower than the observed values, which may have led to the cumulative difference in the number of storms shown in Table 3 . This effect may be offset by the fact that the generated P(W/D) is greater than the observed value for most months.
Significant differences were noted in the standard deviations of the probabilities over a 20-year period for both P(W/W) and P(W/D) for both sites. As with precipitation amounts, more differences were noted in predicting the variability of the data at the highland site. CLIGEN does not allow the user to input a variability associated with the probabilities of precipitation, and it appears that the random sampling of P(W/W) by CLIGEN (Nicks et al. 1995) tends to over-predict the variability observed for the drier months, and under-predicts the variability for the wetter months. The observed standard deviations for P(W/D) appear to be less than the predicted values for all months at both sites. The Ugandan wet season precipitation tends to be driven by frontal processes which are likely to be less volatile, and have less year to year variability in occurrence than the dry season, or the central U.S. climate which receives most precipitation from convective storms (Trewartha and Horn 1980) .
If additional years of observed data were available, then there may have been greater standard deviations in the observed rainfall statistics. We found that combining the 20-year sequences of predicted data resulted in a standard deviation similar to the mean of the standard deviations of the ten individual sequences presented in tables 3 through 6. This is similar to the findings of Buffaut et al. (1996) , who indicate that 20 years of record is not adequate to evaluate
Validation of the Weather Generator CLIGEN p 6 the ability of CLIGEN to model the variability associated with a given climate, or to predict the long-term average soil erosion rate when combined with the WEPP model. Not having a good estimate of the variability of precipitation could lead to an underprediction or overprediction of major precipitation events. These major events are generally the cause of the majority of soil erosion, and are the driving factor in determining average annual erosion values. Twenty years of record, however, may be adequate to estimate the monthly precipitation means of an observed climate. Table 7 presents a comparison of the storm durations for the observed monthly mean and ten 10-year sets of CLIGEN-generated monthly means. The observed data represent only a limited record and cannot be used for a stringent comparison. For the t-test comparing the means, the standard deviation of the generated values was used because there were insufficient observations to estimate a true standard deviation. The results indicate that the generated storm durations are not significantly different from those observed. More years of recording-range data are necessary before any firm conclusions about duration can be made.
Results from the Recording Rain Gage Data
If CLIGEN is generating storms for erosion studies, small variations in duration prediction may not be a problem. The WEPP model is less sensitive to variations in precipitation duration than in amount (Nearing et al. 1989 ). CLIGEN appears to predict amount reasonably well.
Summary and Conclusions
No significant differences were noted between the 20-year observed means and the mean of ten 20-year sets of CLIGEN 4.0 generated values for the annual precipitation totals, monthly totals, number of events and P(W/W) and P(W/D) for two sites in Uganda. In comparing the standard deviations within the means, a few months were shown to be significantly different (P=0.95). The highland site exhibited more variability than the central plains site. In general, the CLIGEN model was successful in modeling the daily precipitation patterns for both the central plains and eastern highland regions of Uganda. From a limited data set, there were no significant differences noted between the CLIGEN-generated storm durations and observed recording gage records. In a previous analysis, Arnold and Elliot (1996) had found that there were no significant differences in the length of wet spells and dry spells.
From this study and Arnold and Elliot (1996) , it appears that CLIGEN is capable of generating a stochastic climate in which the amounts and durations of precipitation are similar to observed amounts. There may be fewer storms, which indicates that individual storm amounts may be greater. The standard deviations of the generated amounts are often less. The standard deviations of the probabilities of a wet day following a wet day are less, but following a dry day are greater. The effect of these differences on predicting soil erosion requires further investigation. The mean daily precipitation in each month, for wet days only (mm) † The standard deviation of the daily precipitation within each month (mm) ‡ The skew of the daily precipitation within each month (dimensionless) § The probability of a wet day following a wet day within each month ψ The probability of a wet day following a dry day within each month # The maximum 30-minute intensity of the storm (mm h -1 ) ** The mean time to peak intensity of the storms within each month (h) 
